We consider a simple class of models where dark radiation has self-interactions and therefore does not free stream. Such dark radiation has no anisotropic stress (or viscosity), leaving a distinct signature on the CMB angular power spectrum. Specifically we study a possibility that hidden gauge bosons and/or chiral fermions account for the excess of the effective number of neutrino species. They have gauge interactions and remain light due to the unbroken hidden gauge symmetry, leading to ∆N eff ≃ 0.29 in some case. *
The Planck satellite measured the temperature anisotropies of the cosmic microwave background (CMB) with unprecedented precision. The baryon acoustic oscillations are induced by the balance between the gravity and the photon pressure, and the shape of the CMB angular power spectrum is sensitive to the energy content of the Universe and its properties. In particular, the Planck results constrained the amount of relativistic degrees of freedom as [1] N eff = 3.30 • Why do they remain relativistic until the recombination epoch?
• Why is their abundance about one third of a single neutrino species, and why not larger or smaller?
The answer to the first question depends on the production process. If the new particles are produced by the decay of heavy fields, 1 they may remain relativistic at late times.
However, it is non-trivial to explain the observed abundance, and it sometimes leads to the overproduction of dark radiation [4] .
On the other hand, if the new particles were once in thermal equilibrium with the SM particles, they must be extremely light in order to remain relativistic until the recombination epoch. The required ultra-light mass strongly suggests the existence of symmetry forbidding mass terms. Such symmetry can be (i) gauge symmetry, (ii) chiral symmetry, or (iii) shift symmetry, for which gauge bosons, chiral fermions and Nambu-Goldstone (NG) bosons are a candidate for dark radiation, respectively. The effective number of neutrino species receives a contribution,
from massless N g gauge bosons, N f chiral fermions and N GB NG bosons in a hidden sector, which are assumed to decouple at the same temperature. Here g * ν (= 10.75) and g * dec denote the relativistic degrees of freedom in the SM sector evaluated at the time of decoupling of neutrinos and the hidden sector fields, respectively. Interestingly, the excess ∆N eff can be naturally of order unity in this case. These possibilities were studied in Ref. [2] .
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We assume throughout this letter that the dark radiation was once in thermal equilibrium with the SM sector and it decoupled some time before the big bang nucleosynthesis (BBN), along the lines of Ref. [2] . Then the next question is,
• How do we distinguish between these candidates for dark radiation?
Since the dark radiation is assumed to be decoupled from the SM plasma before BBN, it is generically difficult to distinguish between different models. As we shall see, however, the dark radiation can have self-interactions in the cases (i) and (ii), if the symmetry remains unbroken. Then the dark radiation does not free stream and so there is no anisotropic stress or the viscosity of dark radiation, in contrast to what is usually assumed. (Note that the bound (1) is for non-interacting dark radiation.) Such self-interacting dark radiation should have left a distinct signature in the CMB angular power spectrum.
Let us mention the related works in the past. The self-interacting dark radiation was considered in a context of neutrinos interacting through majoron exchange [6] . 3 In the present work, the neutrinos have only the usual weak interactions, while it is dark radiation that is self-interacting, and therefore its effect on the CMB is considered to be 2 Recently the possibility of NG bosons as dark radiation was revisited in Ref. [5] , where the SM fields are assumed to be singlet under the symmetry, and the connection of the symmetry to the dark matter was considered. 3 More recently, dark radiation interacting with dark matter was studied in Refs. [7, 8] .
milder. The observational bound on such possibility was studied in e.g. Refs. [9] [10] [11] [12] [13] [14] 
where [16] , which makes it impossible to thermalize the hidden sector fields.
A connection between the hidden and visible sector can naturally be achieved by introducing a SM singlet scalar field φ charged under G ′ because the symmetry allows for a renormalizable coupling,
where H is the SM Higgs doublet field. The discussion below does not assume a particular hidden gauge group, and we will return to the Abelian case later. Let us consider the case that φ does not develop a vacuum expectation value so that the hidden gauge group 4 In Ref. [15] , the viscosity parameter of the neutrinos was studied using the Planck data, while N eff was set to be the SM value.
remains unbroken, and that φ is heavier than the weak scale to suppress invisible Higgs decay into hidden gauge bosons and scalars. The hidden gauge bosons interact with the SM sector through the effective coupling,
which is induced by the loop of φ. Here the gauge indices are omitted. At temperatures below the mass of φ, the scale Λ φ is estimated to be
dropping a coefficient of order unity, where g ′ is the hidden gauge coupling, and m φ is the mass of φ. The hidden gauge bosons interact also with the SM fermions,
after electroweak symmetry breaking. Here f denotes the SM fermion with mass m f , and m h ≃ 125.5 GeV is the mass of the Higgs boson h. Note that there is no mixing between the Higgs boson and the hidden scalar for φ = 0.
The electroweak symmetry breaking leads to the decay of the Higgs boson into hidden gauge bosons through the coupling (5) . If the branching ratio is larger than about 1%, such invisible Higgs decay can be probed at future collider experiments such as ILC [17] .
The decay rate of h into hidden gauge bosons reads
where v = |H 0 | ≃ 174 GeV, while the decay rate of h into SM particles is given by Γ h→SM ≃ 4 MeV. The global fit analysis excluded a Higgs branching fraction greater than 19% into invisible particles at 95% C.L. [18] , which requires Γ h→V ′ V ′ 1 MeV. To satisfy the experimental bound, we need Λ φ higher than about 1.7 TeV for N g = 1. The lower bound on Λ φ can be translated into the constraint on m φ , λ, and g ′ .
On the other hand, if φ is lighter than half of the Higgs boson mass, m φ < m h /2, h directly decays into hidden scalars through the coupling (4). In order for the branching fraction not to exceed 19%, the coupling λ should be smaller than about 10 −2 .
The hidden sector fields are thermalized through the scalar interaction (4) and the hidden gauge interactions at sufficiently high temperatures, unless the couplings are extremely small. At temperatures below the mass of φ, the effective couplings (5) and (7) can keep the hidden sector fields in thermal equilibrium with the SM particles. A rough estimate gives the decoupling temperature of the hidden gauge boson to be
for Λ φ larger than about 10 6 GeV. Here g * counts all the relativistic degrees of freedom including those in the hidden sector. For smaller values of Λ φ , the effective couplings to the SM fermions play an important role. For instance, the decay temperature reads
if Λ φ lies in the range between about 2.5 × 10 3 GeV and 2.6 × 10 5 GeV, for which f is considered to be the bottom quark since it is the heaviest of the SM fermions that are in thermal equilibrium at the decoupling. Using the property that the effective coupling tō f f is proportional to m f , one finds that the decoupling temperature cannot be lower than the charm quark mass unless Λ φ is much smaller than the weak scale. In the left panel ′ charge assignment should be such that vector-like mass terms are forbidden for ψ i , since otherwise they naturally acquire a heavy mass and do not play an important role in the present context. However, the number of hidden fermions and their charge assignment cannot be chosen arbitrarily because they are subject to two anomaly-free conditions. One is i q anomaly. This problem was systematically studied in Ref. [19] , and its connection to dark matter was studied in Ref. [20] . Under the natural assumption that the hidden Abelian charges are rational numbers, one can show that the only solutions to the anomaly-free conditions are vector-like fermions for N f ≤ 4 [19, 20] . Therefore N f ≥ 5 is required for the quantum consistency of the gauge theory. We can take the charges to be integers as the overall normalization of the U (1) ′ charges is arbitrary. One such example is five chiral fermions carrying U(1) ′ charges, (1, 5, −7, −8, 9).
Using anomaly-free conditions, we find that the hidden sector with unbroken Abelian gauge group contributes to the effective number of neutrino species as
for Λ φ larger than about 10 5 GeV. The equality in the last inequality becomes an equality for N f = 5, the smallest number of massless chiral fermions. For Λ φ around 10 3 GeV, ∆N eff is increased by a factor about 1.4. It is worth noting that ∆N eff ≃ 0.29 is realized in a large portion of the parameter space. The only requirement is that the hidden sector fields decouple at a temperature above the electroweak phase transition. In particular, the mass of φ does not need to be finely tuned. For larger N f , ∆N eff increases, and so, there is an upper bound on the number of chiral fermions. If we double the fermion number as in the case with the Z 2 symmetry (see the discussion below), the contribution to the effective neutrino number is ∆N eff ≃ 0.52 for N f = 10. If the mass of φ is sufficiently light, the hidden particles will be decoupled at lower temperature, contributing a larger amount to ∆N eff .
For the hidden sector with U(1) ′ , we have assumed that the kinetic mixing is vanishingly small in order to satisfy the experimental bounds [16] . This can be realized in an extra dimensional set-up where the hidden gauge field as well as the chiral fermions reside on a hidden brane separated from the SM brane, while the scalar φ is in the bulk [21] . It is also possible to assign a Z 2 symmetry under which A ′ µ flips the sign so that the kinetic mixing is forbidden by the symmetry. The hidden gauge interactions are possible if the chiral fermions as well as the scalar form a doublet, i.e., 2N f chiral fermions and 2 scalars.
There are also other ways to suppress the kinetic mixings. See e.g. Refs. [22] [23] [24] .
The dark radiation under consideration has an important difference from other conventional candidates. In the previous example, the dark radiation is composed of A ′ µ and ψ i , which have unbroken gauge interactions among them. That is to say, they are self-interacting dark radiation. 5 As a result, they have no anisotropic stress, and so the viscosity parameter is zero, while the sound velocity is given by the standard value as they are massless. 6 Such self-interacting dark radiation should have left distinct signatures in 5 As we assume that the hidden sector particles are thermalized through gauge interactions, the equilibrium in the hidden sector is maintained even after the decoupling from the SM sector. 6 Here we assume that the gauge interactions are weak. If they are relatively strong, there can be sizable corrections to the sound velocity.
the CMB angular power spectrum. On the other hand, if the hidden sector contains only hidden photons for one or several Abelian factors without massless hidden fermions, one is led to non-interacting dark radiation.
So far we have assumed unbroken U (1) ′ symmetry. If φ acquires a non-zero expectation value, the hidden gauge boson becomes massive. It depends on the charge assignment whether or not the hidden chiral fermions remain light. In particular, if the charges of fermions are fractional rational numbers while the scalar has an unit charge, they can remain massless. 7 The contribution to ∆N eff can be similarly calculated in this case. In addition, there appears a mixing between φ and the SM Higgs boson, and thus experimental bounds on the scalar coupling should be taken into consideration, but the constraint will be relaxed for heavier m φ and smaller λ.
Let us continue to discuss another example of self-interacting dark radiation. Up to this point we have mainly considered an Abelian gauge symmetry, but it is also possible to consider non-Abelian gauge symmetries [2] . A kinetic mixing is then forbidden by the symmetry, and the observational bound is much weaker. The gauge interaction can be weakly coupled until now if the gauge coupling is sufficiently small at high energy scales, say, α ′ = g ′2 /4π < 10 −2 . The thermalization of the hidden gauge bosons is possible by adding either a scalar as in the previous example or matter fields which are charged under both the hidden and the SM gauge symmetries. One of the advantages of non-Abelian symmetry is that the latter possibility will be viable in a supersymmetric theory as the scalar coupling with the SM Higgs fields is suppressed by supersymmetry breaking effects.
As an example, let us consider G ′ = SU(N) ′ . Then the contribution of massless gauge bosons to the effective neutrino number is
which is equal to 0.16, 0.43 and 0.80 for N = 2, 3 and 4. It is straightforward to add chiral fermions in this case. We can forbid mass terms for those fermions by imposing a global U(1) symmetry. It is also possible to combine multiple gauge symmetries and introduce 7 Some of them may be massive and contribute to dark matter as in Ref. [20] .
matter fields with various charge assignments. In general, the dark radiation could be a mixture of interacting and non-interacting light particles. Also it is likely that there are various gauge symmetries in the hidden sector, some of which become strong at low energy scales, while the others remain weakly coupled until now. The former and matter fields charged under the symmetries may contribute to dark matter, while the latter contributes to dark radiation. It is also possible that some of the weakly interacting dark radiation at the recombination epoch become strongly coupled and massive at later times, contributing to some part of dark matter. It will be interesting to consider a concrete example where both dark radiation and dark matter are self-interacting [25] .
The hidden gauge symmetries may be ubiquitous in the string landscape, and some of them may be thermalized after inflation, together with the SM sector. It is conceivable that the inflaton first reheats the hidden gauge sector, and then the SM sector gets thermalized (or "recouped") at later times through renormalizable couplings like (4). Interestingly, the presence of dark radiation is an inevitable outcome in this scenario. Such scenario can naturally be embedded into inflation models where the inflaton potential arises from non-perturbative interactions in the hidden sector and the interactions become weakly coupled at the inflaton potential minimum. This can be realized as follows.
Suppose that some of the hidden quarks are heavy during inflation and become massless after inflation. Then the sign of beta-function for the hidden gauge symmetry can change after inflation, and the interaction becomes weak at low energy scales. This is the case if the hidden quarks acquire a mass from the coupling to the inflaton which travels a large amount during the last 50 − 60 e-foldings as in the chaotic inflation model [26] , or if the hidden quarks are massive due to a large expectation value of flat directions [27] .
Lastly we briefly discuss the embedding of the present scenario into a supersymmetric framework. If we introduce a coupling |φ| 
where S is the singlet Higgs superfield in the NMSSM sector, and hidden matter fields Φ +Φ are vector-like under the hidden gauge group. The NMSSM maintains most of the nice features of the MSSM while allowing richer physics in the Higgs and neutralino sectors [28] . In addition, the Higgs boson mass around 125.5 GeV can naturally be accommodated owing to the additional NMSSM contribution from the SH u H d term. The superpotential ∆W gives rise to the scalar interaction,
where φ +φ denote the scalar component of Φ +Φ, and are assumed to be fixed at the origin so that the hidden gauge symmetry remains unbroken. The above coupling can be regarded as the supersymmetric analogue of (4), and it follows that the hidden sector can be thermalized from the NMSSM sector, or vice versa. This set-up has implications not only for the Higgs boson decay into dark radiation but also for dark matter and inflation model building. We leave these issues for future work.
In this letter we have considered a simple class of models where the dark radiation has self-interactions and therefore does not free stream. In the case of U(1) ′ symmetry with chiral fermions, the contribution to the effective number of neutrinos is bounded below as (11) . Interestingly, it is equal to about 0.29 for the smallest number of chiral fermions, N f = 5, free from anomalies. The self-interacting dark radiation can be probed by the Planck satellite and future CMB observations, and it may shed light on the hidden sector and its properties.
